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Abstract 

In this letter we revisit the seesaw Higgs mechanism. We show how a seesaw mech- 
anism in a two Higgs doublets model can trigger the electroweak symmetry breaking 
if at least one of the eigenvalues of the squared mass matrix is negative. We then 
consider two special cases of interest. In the decoupling scenario, there is only one 
scalar degree of freedom in the low energy regime. In the degenerate scenario, all five 
degrees of freedom are in the low energy regime and will lead to observables effects at 
the LHC. Furthermore, in that scenario, it is possible to impose a discrete symmetry 
between the doublets that makes the extra neutral degrees of freedom stable. These 
are thus viable dark matter candidates. We find an interesting relation between the 
electroweak symmetry breaking mechanism and dark matter. 
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During almost three decades, the key motivation for physics beyond the electroweak 
standard model has been to try to understand the hierarchy and the naturalness problems 
of the standard model (see e.g. [1]). In other words why is the Higgs's boson mass so small 
in a first place in comparison to let us say the Planck scale and why does it remain small 
despite potentially large radiative corrections? Many models have been proposed to address 
these two problems, and most of them have now been ruled out. With the discovery of the 
landscape [2-6] in string theory, the guidance principles for model building have evolved. The 
fine tuning problems of the standard models have been put aside and new phenomenological 
models have been proposed (see e.g. [7-10]). But, from our perspective, even if nature is 
really fine-tuned, it remains the issue of explaining why the electroweak gauge symmetry 
is broken. There is always a price to break a symmetry and we can hope that triggering 
the spontaneous symmetry breaking requires a mechanism that could be unveiled at the 
Tevatron or the LHC. In other words, the mechanism that renders the Higgs's boson mass 
imaginary will hopefully be observable at the Tevatron or the LHC otherwise it will be very 
complicated to gain some insight into the physics beyond the standard model. 

A lot of effort has recently been invested in simple extensions of the standard model 
which involve scalar singlets [11-14]. The simple observation in these papers is that the 
Higgs's boson mass term in the standard model action 



is the only operator which is super-renormalizable and one could imagine coupling singlets 
in a renormalizable way to the standard model. For example, one could consider coupling 
the standard model to a technicolor sector through that operator 



where / are new strongly interacting fermions which transform under the technicolor group. 
In that framework the technicolor sector would trigger the Higgs mechanism and a negative 
mass term does not need to be introduced by hand. It has been shown in [15] that the 
operator (JJJ can open the door to a hidden sector with an energy scale in the weak scale 
range. 

Here we shall consider another option and include one more scalar SU(2) doublet in the 
Higgs sector and consider different scenarios for the mass texture of this two Higgs doublets 
model. We consider a low energy theory and assume that the mass texture we obtain for 
the scalar doublets is the result of some more fundamental interaction with an energy scale 
which is way above the weak scale. The nice feature of these models is that they generate a 
negative squared mass for of the Higgs doublet thereby triggering the Higgs mechanism. 
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Besides discovering at least one Higgs boson, LHC could allow to produce and detect 
dark matter. There are strong astrophysical evidences for dark matter coming from different 
observations (see e.g. the review on dark matter in the Review of particle physics [16]), 
but there is, to date, no evidence coming from laboratory experiments. In this letter we 
will describe a scenario to generate the Higgs mechanism. There are two special limits of 
this model. In the decoupling scenario, there is only one scalar degree of freedom in the 
low energy regime. In the degenerate scenario, all five degrees of freedom are in the low 
energy regime and will lead to observables effects at the LHC. Furthermore, in that scenario, 
it is possible to impose a discrete symmetry between the doublets that makes the extra 
neutral degrees of freedom stable. If this scenario is correct, the LHC will not only unveil 
the mechanism for spontaneous symmetry breaking, but it will also produce dark matter. 

We shall start with a generic two scalar doublets model. The action of the scalar potential 
sector is given by 



We assume that m a and mj are real since we do not want to trigger the gauge symmetry 
through an imaginary mass term put by hand in the Lagrangian. On the other hand we think 
of the cross-terms proportional to m c as of interactions coming from high energy physics and 
we include complex numbers in the parameter range of our model. The mass matrix 
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can be diagonalized and one obtains: 
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We shall require that one of these squared masses be negative in order to generate the 
electroweak symmetry breaking. 

There are two limit cases of interest. One is the decoupling case which has been proposed 
in [17] (see [18] for an interesting extension of the idea). The seesaw Higgs mechanism [17] 
in its simplest form allows to trigger the Higgs mechanism. We consider the same action 
as that of the standard model but with a modified scalar sector. The first scalar boson is 
denoted by h and the second scalar doublet by H . Both doublets have exactly the same 
quantum numbers as the usual standard model Higgs doublet. In a first approximation, the 
Yukawa sector involves only the boson h. The scalar potential is chosen (i.e. fine-tuned) 
according to 




Scalar = " / (hW) ( , '[\, II l\~ (») 

d 4 x\ h {h j hf 



i.e. we assume that the first boson h is almost massless whereas the second boson H is 
massive after renormalization. We assume that m is real. We note that this mass texture 
can be generated in the framework of an invisible technicolor model [19] or in topcolor 
models [20-22]. It can also emerge in supersymmetric models [23]. After diagonalization of 
the mass matrix in eq. (JEJ) using 

we obtain the squared masses of the mass eigenstates 

M 2 *(~^ °, ). (10) 
\ M 2 J ( J 

Note that the minus sign is not trivial as it is in the fermionic seesaw [24] case where it can 
be reabsorbed by a fermion phase transformation. The first boson h has become a Higgs 
boson with a negative squared mass given by 

whereas the second scalar boson H has a positive squared mass of the order of the large 
squared scale M 2 and is thus not contributing to the electroweak symmetry breaking. The 
mass of the physical Higgs boson is given by 

MP Hys = ^ (12) 
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In that scenario one can imagine that the heavy Higgs boson decouples completely from 
the low energy regime. One finds that a Higgs boson mass of the order of 100 GeV can 
be obtained if m ~ 10 9 GeV and M ~ Aqut ~ 10 16 GeV. This would correspond to a 
decoupling scenario. Note however that the decoupling needs not to be as total and the 
mass scale M could easily be in the TeV range. The couplings of the scalar doublet H, 
which involves one neutral scalar particle, a pseudo-scalar boson and a charged scalar boson, 
to the fermions are assumed to be very small. 

We shall now consider another interesting case. Let us again consider the same action 
as that of the standard model but with a modified scalar sector. The first scalar boson is 
denoted by h a and the second scalar doublet by h b . Both doublets have exactly the same 
quantum numbers as the usual standard model Higgs doublet. The scalar potential is chosen 
to be 

*~ - 1 )(£)- (l3) 

"/ d ' x (y^) 2 + y(^) 2 + Uh%){h%) 

+^(hlh a )(hth b ) + h{h\h b ){h\h a ) + X f (hlh a )(h%) + \ g {h\h){h\h a ) + h.c\ , 

i.e. we set m 2 a = ml = in the action given in @. The Yukawa sector is given by 

Sy = ~ J d 4 x yjY^ I. ;!,„,-, + W^LMTj) + Y.i Y i" )l ^Tj + W^Uhrj) + h.c. (14) 

where hi = i<7 2 /t*, Li are the relevant left-handed fermionic fields and the relevant right- 
handed ones. 

We can now diagonalize the mass matrix and find: 

(15) 
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i.e. the two doublets are still degenerate in mass but one of them has a negative squared 
mass and thus acquires a vacuum expectation value. The mass eigenstates are given by 

(16) 

Let us now study the Yukawa sector of this model. One option would be to decouple the 
doublet that does not contribute to the electroweak symmetry breaking by fine-tuning the 
Yukawa couplings of that scalar doublet to the standard model fermion. This would suppress 
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the neutral flavor current transitions that appear at tree level and are thus dangerous. 
It is however possible and more natural to impose a discrete symmetry between the two 
doublets h a — > hb and hb — > h a and the Yukawa couplings involving the doublet hb are thus 
diagonalized at the same time as those involving the doublet h a and which gives rise to 
the fermion masses. To insure that the scalar doublet which breaks the gauge symmetry 
spontaneously is the one that couples to fermions, we choose m 2 = —m 2 . In terms of the 
mass eigenstates we find: 



i.e. only the scalar doublet which generates the symmetry breaking couples to the fermions 
and hereby gives them a mass. In other words we choose to give a vacuum expectation value 
to the scalar doublet which has positive parity under the symmetry h a — > hb and hb — > h a . 
The discrete symmetry between h a and hb implies relations between the parameters of the 
action: A a = A& = Ai, A c = A* = A5, A^ = A2, A e = A3 and A/ = \ g = A4. We then have 
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In terms of the mass eigenstates h and H which in the unitary gauge are given by 




(19) 



the scalar part of the action reads 



scalar 
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with 




(21) 
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note that p 3 and A4 can be made real by performing a phase redefinition of H. 

It is easy to see that h acquires a vacuum expectation value given by v 2 = 2m 2 / Xh whereas 
H does not contribute to the electroweak symmetry breaking. Note that the symmetry 
h a /b — > hb/ a can now be interpreted as a Z 2 symmetry under which h has even parity and H 
has odd parity. The mass spectrum of the scalar sector of our model is given by: 



The phenomenology of the degenerate seesaw mechanism is quite interesting. Note that 
our model is similar to a type I two Higgs doublets model, however, in our case only one of 
the scalars develops a vacuum expectation value. We have two neutral scalar fields and 77, 
a pseudo-scalar A and two charged scalars h ± . The scalar that triggers the electroweak 
symmetry breaking can couple to two gauge bosons e.g. — > ZZ or — > W + W~ , however, 
the coupling of 77 to the gauge bosons always involve two scalar particles i.e. 77 + 77 — > ZZ, 
77 + 77 — > W + W~ or Z — > 77 + 77. This is a consequence of the Z 2 symmetry. Thus at LEP 
they could only have been produced in pairs and therefore only the lightest first neutral 
scalar Higgs boson could have been produced provided its mass is below 114 GeV. The 
LEP production mechanism for our Higgs scalar is as in the standard model and therefore it 
can be produced alone. Furthermore, at the LHC, the main production channel for a fairly 
light scalar Higgs boson of the order of 120 GeV is through gluons fusion and involves the 
Yukawa coupling to the top quark. Since only couples to the fermions, it will be the only 
scalar produced through this reaction 



We note that unitarity of the S matrix is restored by the boson 0. It will however be possible 
to differentiate this model from the standard model by observing obviously the charged scalar 
bosons and the pseudo-scalar boson but also by studying the Drell-Yan production, where 
both neutral scalars and 77 can be produced in pairs. 

It is interesting to have an estimate of the production cross-section of these new particles. 
For the sake of simplicity we assume pi = p 2 = P3 = 0, i.e. the particles of the second doublet 
are degenerate in mass. This simplification enable us to treat the neutral scalars 77 and A 
as a single (complex) field h° = (77 + iA°)/\/2. This scalar will be produced via a Drell-Yan 




2\ h v 2 
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Figure 1: Pair production cross-sections of h°. We have used CompHEP to obtain the leading 
order correction and applied a K-factor of 1.25 for the LHC and 1.3 for the Tevatron. 



The h pair production cross-section at the next to leading order for LHC and Tevatron 
is displayed in figure (JTJ). We use CompHEP [25] to compute the cross-sections to leading 
order and then we include a K-factor of 1.25 for the LHC and 1.3 for the Tevatron to take 
into account the next to leading order corrections, see ref. [26]. 

Note that the Drell-Yan channel is not available for a standard model like Higgs boson. 
In this case the important channels are gluon-gluon fusion as well as W-bosons fusion (see 
e.g. [27]). Using CompHEP we have made a rough estimate of the production channels 
involving W-bosons or Z-bosons fusions and found that they are subdominant with respect 
to the the Drell-Yan production. 

We would like to finally point out that this kind of model has received renewed interest 
over the last few years. The addition to the standard model of extra degrees of freedom in 
the Higgs boson sector can affect the quadratic divergences to the Higgs boson squared mass. 
It is possible that new physics will cancel, totally or partially, these quadratic corrections, 
therefore allowing to shift the naturalness cutoff from 1 TeV to a higher scale [15,28,29]. 
Another consequence of adding extra degrees of freedom to the standard model is that 
the contributions to electroweak precision observables are modified, possibly allowing for 
a heavier Higgs boson of a mass of about 500 GeV. In ref. [30] a similar model has been 
investigated and it has been proposed that neutrino masses, baryogenesis and dark matter 
could have a common origin. 

One of the interesting new features of our model is the connection between the electroweak 
symmetry breaking mechanism and dark matter which, if our mechanism is the one chosen 
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by nature, would imply that dark matter will be produced at the LHC Indeed the 
symmetry under which the particles rj, A and h^ 1 are odd, implies that the lightest of them 
is completely stable. We therefore have a natural dark matter candidate in our model. In 
that sense, this model is linking the spontaneous symmetry breaking mechanism to dark 
matter and implies that the dark matter particle has a mass comparable to that of the Higgs 
boson or at least that some components of the dark matter are linked to an extended Higgs 
sector. 
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